Study Of Inhomogeneous Dielectric Resonators For Linearly Circularly Polarized Microwave Antenna Applications by ULLAH, UBAID
  
STUDY OF INHOMOGENEOUS DIELECTRIC 
RESONATORS FOR LINEARLY/CIRCULARLY 
POLARIZED MICROWAVE ANTENNA 
APPLICATIONS  
 
 
 
 
 
 
 
UBAID ULLAH  
 
 
 
 
 
 
 
 
UNIVERSITI SAINS MALAYSIA  
2016 
  
STUDY OF INHOMOGENEOUS DIELECTRIC RESONATORS 
FOR LINEARLY/CIRCULARLY POLARIZED MICROWAVE 
ANTENNA APPLICATIONS  
 
 
 
 
 
by 
 
 
 
 
 
UBAID ULLAH  
 
 
 
 
 
Thesis submitted in fulfillment of the  
requirements for the degree of 
Doctor of Philosophy 
 
 
 
 
 
November 2016 
 ii 
 
ACKNOWLEDGEMENT 
My first and foremost acknowledgements goes to the omnipotent almighty Allah 
(SWT) whose exalted blessings flourished my thoughts and guided me in my 
endeavor to come up with this thesis  as a representation of my efforts which I 
commenced in tenure of my studies. 
 I am truly grateful to my supervisor Prof. Dr. Mohd Fadzil Ain for his 
invaluable supervision and guidance throughout my studies. Without his patience and 
continuous encouragement I won‘t think I could complete this research journey 
smoothly. I would like to extend my heartfelt gratitude to School of Electrical and 
Electronic Engineering University Sains Malaysia, Engineering Campus.  
 My humble gratitude is due to my co-supervisor Prof. Hj. Dr. Zainal Arifin 
Ahmad. His continuous support and skillful assistance during my lab work in School 
of Material and Mineral Resources Engineering, made me overcome all the 
stumbling blocks. Further, I would like to cordially thank my second co-supervisor 
Dr Nur Muzlifa Mahayyudin for her meaningful advice throughout my research 
activities.     
I am deeply indebted to my parents, my brother Muhammad Haroon and my wife for 
their utmost attention and efforts to make my study successful. I would also like to 
extend my gratitude for their continuous moral support and devoted prayers, which 
kept my spirits high for the daunting tasks of life. 
Many people have contributed to the development of this project. Special thanks go 
to my colleagues and friends Dr. Mohammadariff Othman, Abdurehman Javed 
 iii 
 
Shaikh, Mohammad Nishat Akhtar, Tariq Adnan and the entire lab technician who 
helped me develop and complete my project in a timely manner.  
The author gratefully acknowledges financial support by the USM Global Fellowship 
Scheme and Grant under project no. 1001/PELECT/854004.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iv 
 
TABLE OF CONTENTS 
Page 
ACKNOWLEDGEMENT                     ii 
TABLE OF CONTENTS         iv 
LIST OF FIGURES           x 
LIST OF TABLES                      xvii 
LIST OF ABBREVIATIONS               xviii 
ABSTRAK                                                                                                            xxi 
ABSTRACT                                                                                                          xxiii 
CHAPTER ONE: INTRODUCTION  
1.1 Background 1 
1.2 Problem Statement 5 
1.3 Research Objectives 8 
1.4 Scope of the Work 9 
1.5 Research Contributions 10 
1.6 Thesis Organization 11 
CHAPTER TWO: LITERATURE REVIEW AND THEORETICAL 
BACKGROUND  
2.1 Introduction 13 
2.2 Dielectric Resonators and Antennas 16 
2.3 Dielectric Resonator Antenna (DRA) Analysis Techniques 19 
2.4 Introduction to Wideband DRA‘s 20 
2.4.1 Dielectric Resonator Antennas Polarization 21 
2.4.2 Linearly Polarized (LP) Wideband DRA‘s 22 
 v 
 
2.4.3 Circularly Polarized (CP) DRA‘s 32 
2.5 Cylindrical DR and its Electromagnetic Features 35 
2.5.1 Modes in Cylindrical DR with Their Respective Far-Field Pattern 37 
2.6 Field Approximation of Rectangular DRA‘s 42 
2.6.1 Radiation Q-factor of Rectangular DRA‘s 45 
2.7 The Feeding Mechanisms and Coupling to DRA‘s 49 
2.7.1 Microstrip Line Coupling 52 
2.8 Fabrication of Dielectric Materials 55 
2.8.1 Mixing of the Raw Materials 56 
2.8.2 Calcinations of the Mixed Powder 57 
2.8.3 Pressing Powder into Shape 59 
2.8.4 Sintering and Polishing 59 
2.9 Dielectric characterization 60 
2.9.1 X-ray Diffraction (XRD) 61 
2.9.2 Dielectric Spectroscopy 62 
2.10 Summary 63 
CHAPTER THREE: DESIGN AND ANALYSIS OF LINEARLY 
POLARIZED (LP) INHOMOGENEOUS DIELECTRIC 
RESONATOR ANTENNA 
3.1    Methodology                                                                                                64 
3.2 Inhomogeneous Cylindrical Dielectric Resonator 67 
              3.2.1    The Permittivity Effect      69 
 3.2.2    Sector Angles Effect         71 
 3.2.3    Mode Theory and Approximation of Inhomogeneous  
                           Cylindrical DR 73 
 vi 
 
                            3.2.3.1    Mode and Frequency Approximation of Cylindrical  
                                          Sector DR 78 
                            3.2.3.2    Mode Analysis of an Isolated Inhomogeneous  
                                           Cylindrical DR 80 
                            3.2.3.3     Mode Excitation and Feeding Mechanism of  
                                           Inhomogeneous CDR 84 
3.3 Inhomogeneous Split-oval Shape DR 88 
 3.3.1     Design Configuration and Mode Approximation 91 
 3.3.2      Mode Excitation and Feeding Mechanism of Split-Oval  
                            Shape DR 95 
3.4 Inhomogeneous Nested Square Shape DR 99 
 3.4.1    Analytical and Numerical Solution of Nested Square DR 101 
 3.4.2    Modes Configuration of NSDR 104 
 3.4.3    Antenna Design of NSDR 109 
3.5 Summary 111 
CHAPTER FOUR: ANALYSIS OF CIRCULARLY POLARIZED (CP) 
INHOMOGENEOUS DIELECTRIC RESONATOR ANTENNAS 
AND DIELECTRIC MATERIAL SYNTHESIS  
4.1 Introduction 113 
4.2 Dielectric Resonator Antenna and Circular Polarization 113 
 4.2.1     Circularly Polarized Inhomogeneous Cylindrical DR with  
                           Parasitic Slots 117 
 4.2.2     Circularly Polarized Inhomogeneous CDR Loaded on Top  
                            of a Wide Slot 120 
 4.2.3      Circularly Polarized NSDRA 126 
 vii 
 
              4.2.3.1     Left Hand Circular Polarization (LHCP) and  
                                           Right Hand Circular Polarization (RHCP) 128 
4.3 Dielectric Resonator Material Synthesis 131 
 4.3.1     Composition Preparation 133 
 4.3.2     Mixing of Powder 134 
 4.3.3     Calcination Process 134 
 4.3.4     Pressing and Cutting to Shape 135 
 4.3.5     Sintering Process 137 
 4.3.6     Characterization 137 
4.4 Experimental Characterization Steps for the Antennas 139 
 4.4.1     Impedance Bandwidth (|S11| >-10 dB) Measurement 139 
 4.4.2     Radiation Pattern Characterization 140 
 4.4.3     Antenna Gain Characterization 143 
4.5 Summary 144 
CHAPTER FIVE: RESULTS AND DISCUSSIONS  
5.1 Introduction 145 
5.2 Dielectric Material Characterization Results 145 
 5.2.1     Structural Analysis 146 
 5.2.2     Electrical Characterization 147 
5.3 Characterization of Inhomogeneous Cylindrical DRA (LP Results) 148 
 5.3.1     Impedance Bandwidth and Reflection Coefficient  
                           Characterization 149 
 5.3.2     Radiation Pattern Characterization 152 
 5.3.3      Power Flow, Efficiency and Gain Characterization 155 
5.4 Characterization Results of Inhomogeneous Split-Oval Shape DRA 157 
 viii 
 
 5.4.1     Impedance Bandwidth Characterization of Split-Oval  
                           Shape DRA 158 
 5.4.2     Radiation Pattern Characterization 159 
 5.4.3      Gain, Power Flow and Efficiency Analysis 162 
5.5 Characterization Results of Inhomogeneous Nested Square DR 164 
 5.5.1     Impedance Bandwidth Characterization of NSDRA 165 
 5.5.2     Radiation Pattern Characterization of Inhomogeneous NSDRA 166 
 5.5.3     Gain Power Flow Pattern and Efficiency Analysis 169 
5.6 Circular Polarization Results 171 
 5.6.1      Axial Ratio Bandwidth of Inhomogeneous CDR with  
              parasitic slots 171 
 5.6.2    Radiation Pattern Characteristics of Inhomogeneous  
                           Cylindrical DR with Parasitic Slots 173 
 5.6.3     Axial Ratio Bandwidth of Inhomogeneous CDR Loaded on  
                           Wide Slot 174 
 5.6.4     Radiation Pattern Characteristics of Inhomogeneous CDR  
                           Loaded on Wide Slots 175 
 5.6.5     Axial Ratio Bandwidth of the Nested Square Shape DRA 177 
 5.6.6     Radiation pattern characteristics of Nested Square Shape DRA 177 
5.7 Summary 180 
CHAPTER SIX: CONCLUSION AND FUTURE RECOMMENDATION  
6.1 Conclusion 182 
6.2 Future Recommendations 183 
REFERENCES                  184  
 
 ix 
 
APPENDICES 
Appendix A: Bessel Function Matlab Code  
Appendix B: Impedance Matching 
Appendix C: Transcendental Equation Solution 
Appendix D: CST Configuration for Design Implementation 
LIST OF PUBLICATIONS  
 x 
 
LIST OF FIGURES 
Page 
Figure 2.1: Muti-permittivity stacked cylindrical DRA (Kishk et al., 2003) 24 
Figure 2.2: External stub in conjunction with rectangular DR 25 
       (Mridula et al., 2004) 
Figure 2.3: T-shape feed cylindrical DRA (Bijumon et al., 2005) 25 
Figure 2.4: Equilateral triangular sections with a T-shaped DRA (a) top view 26 
       (b) side view (Rao et al., 2006) 
Figure 2.5: Half cylindrical shaped DRA fed with microstrip line 27 
       (Abumazwed et al., 2009) 
Figure 2.6: Bow-tie shape probe fed DRA (a) top View 28 
     (b) perspective view (Thamae & Wu, 2010) 
Figure 2.7: Hybrid setup for wideband rectangular DRA (a) top View 29 
      (b) side view (Coulibaly et al., 2011) 
Figure 2.8: Notched rectangular DRA fed with co-axial aperture and 30 
      conducting strip (Fang et al., 2011) 
Figure 2.9: Half ring shape microstrip line fed ring DRA (a) top View 31 
        (b) perspective view (Chaudhary et al., 2013) 
Figure 2.10: Asymmetrically fed Cylindrical DRs for wideband applications 32 
        (a) top View (b) side view (Majeed et al., 2014) 
Figure 2.25: Electromagnetic field distribution inside a Cylindrical DR 38 
        (a) TE01 mode (b) TM01 mode, and (c) HE11 mode (Volakis, 2007) 
Figure 2. 26: (a) E-field (b) H-field, for TE01 mode in Cylindrical DR 39 
         (Volakis, 2007). 
 xi 
 
Figure 2.27: Far-field radiation pattern for ideal TE01 mode in cylindrical 40 
        DRA (Volakis, 2007) 
Figure 2.28: (a) E-Field (b) H-field, for TM01 mode in CDRA (Volakis, 2007) 40 
Figure 2.29: Ideal Far-field radiation pattern for TM01 mode (Volakis, 2007) 41 
Figure 2.30: (a) E-field (b) H-field, for HEM11 mode in CDRA (Volakis, 2007) 41 
Figure 2.31: Ideal far-field radiation pattern for HEM11 mode (Volakis, 2007) 42 
Figure 2.32: Geometry and configuration of a Rectangular Dielectric resonator 43 
         antenna (Petosa & Thirakoune, 2011) 
Figure 2.33: Field configuration and radiation model of Rectangular DRA 44 
        (Petosa & Thirakoune, 2011) 
Figure 2.34: Sketch for the   𝑇𝐸𝛿11𝑥 mode of rectangular DRA‘s (petosa, 2007) 44 
Figure 2.35: Graph of energy versus frequency and Q states of DR 46 
Figure 2.36: microstrip line printed on a grounded substrate 53 
Figure 2.37: Distributed circuit model for microstrip line 54 
Figure 2.38: General dielectric material fabrication flow chart 56 
Figure 2.39: Stages of atomic diffusion during sintering process 60 
Figure 2. 40: Agilent Technology network analyzer 62 
Figure 3.1: Methodology flowchart 66 
Figure 3.2: Different homogeneous and inhomogeneous geometries of 68 
      cylindrical dielectric resonator evaluated for wideband performance 
Figure 3.3: Variable (lower) permittivity effects on percentage bandwidth of 70 
       inhomogeneous cylindrical DRA 
Figure 3.4: Variable (high) permittivity effects on percentage bandwidth of 71 
       inhomogeneous Cylindrical DRA 
Figure 3.5: Percentage impedance bandwidth variation with respect to the 73 
 xii 
 
       change in angle of the radial sector insert 
Figure 3.6: Configuration of Cylindrical DRA 74 
Figure 3.7: Mesh structure of the inhomogeneous cylindrical DR 81 
Figure 3.8: Transverse Electric (TE) mode (a) E-field (b) H-field 83 
Figure 3.9: Transverse Magnetic (TM) mode (a) E-field (b) H-field 83 
Figure 3.10: Transverse Magnetic (TM) mode (a) E-field (b) H-field 83 
Figure 3.11: Configuration of microstrip line feeding (a) transmission line 86 
       (b) multiple of effective wavelength in microstrip line 
Figure 3.12: Geometry and configuration Inhomogeneous Cylindrical DRA 87 
        (a) Top view (b) Perspective simulation view, and (c) Prototype 
Figure 3.13: Sketch of the fields within microstrip line and rectangular DRA‘s 90 
        (a) sketch of magnetic fields (b) dipole equivalent (Petosa, 2007) 
Figure 3.14: Sketch of the fields within microstrip line and cylindrical DRA‘s 90 
        (a) sketch of magnetic field (b) dipole equivalence (Petosa, 2007) 
Figure 3.15: E-field and H-field intensity of the first mode (a) E-field (b) H-field 93 
Figure 3.16: E-field and H-field intensity of the second mode (a)E-field (b)H-field 93 
Figure 3.17: E-field and H-field intensity of the third mode (a) E-field (b) H-field 93 
Figure 3.18: (a) E-field pattern for HEM12 mode of CDR (b) E-field pattern 94 
         of the third mode present in the split-oval shape DR 
Figure 3.19: Geometry and configuration of split oval shape DR 96 
        (a) Simulation Profile (b) Prototype (c) E-field (d) H-field 
Figure 3.20:  Deviation of reflection coefficient graph with respect to 98 
        (a) ‗L‘ variations (b) ‗d‘ Variations (c) ‗S‘ variations 
Figure 3.21: Orientation of electric field (a) square ring dielectric resonator 101 
        (b) solid square dielectric resonator 
 xiii 
 
Figure 3.22: TE111 mode of a solid rectangular DR in y-direction 103 
Figure 3.23: TE112 mode of a solid rectangular DR in y-direction 103 
Figure 3.24: TE113 mode of a solid rectangular DR in y-direction 103 
Figure 3.25: H-field present in a rectangular DR at x = 0 in y-z direction 105 
Figure 3.26: H-field present in a rectangular DR at z = d/2 in x-y direction 105 
Figure 3.27: E-field present in a rectangular DR at z = d/2 in x-y direction 105 
Figure 3.28: Proposed NSDR (a) geometrical configuration (b) prototype 106 
Figure 3.29: Field illustration of the first mode in NSDR (a) E-field in x-y 107 
        direction (b) H-field in x-z direction 
Figure 3.30: Field illustration of the second mode in NSDR (a) E-field in x-y 108 
         direction (b) E-field in x-z direction (c) H-field in x-z direction 
Figure 3.31: Field illustration of the third mode in NSDR (a) E-field in x-y 109 
        direction (b) E-field in x-z direction (c) H-field in x-z direction 
Figure 3.32: Simulation and Prototype of the proposed NSDRA 110 
Figure 4.1: Circularly Polarized Inhomogeneous Cylindrical DR 118 
      (a) Bottom view (b) Top view (c) Prototype 
Figure 4.2: Field distribution in the CP inhomogeneous cylindrical DRA 119 
      (a) Surface current (b) E-field (c) H-field 
Figure 4.3: Wide slot fed inhomogeneous cylindrical DRA (a) Feed line 121 
     configuration (b) Wide slotted ground plane (c) DR loaded geometry 
Figure 4.4: Illustration Axial Ratio variation with respect to the change in 123 
      (a) Width ‗W1‘ (b) Width ‗W2‘ 
Figure 4.5: Illustrations of Electric (E) and magnetic (H) fields in y-z plane at fc 125 
(a) E-field in yz-plane at 0ᴼ (b) E-field in yz-plane at 90ᴼ yz-plane  
at 0ᴼ (c) H-field in (d) H-field in yz-plane at 90ᴼ 
 xiv 
 
Figure 4.6: Electric Field distribution in x-y direction of a Solid Square (SS) 127 
     and Nested Square (NS) dielectric resonator (a) Mode 1 E-field in SS  
(b) Mode 1 E-field in NS (c) Mode 2 E-field in SS (d) Mode 2 E-field 
 in NS (e) Mode 3 E-field in SS (f) Mode 3 E-field in NS 
Figure 4.7: Circularly polarized nested square shape DR (a) RHCP (b) LHCP 129 
      (c) LHCP prototype 
Figure 4.8: Spacing between the square rings 130 
Figure 4.9: Perspective view of E-field distribution (a) E-field RHCP 130 
      (b) E-field LHCP 
Figure 4.10: Axial ratio bandwidth variation with respect to the change in 131 
        spacing between the square rings of the NSDR 
Figure 4. 11: Flow chart for synthesis of dielectric materials 132 
Figure 4.12: Calcination temperature/time graph 135 
Figure 4.13:  Shaping process (a) pressing (b) 90
o
 pie-shaped sectors 136 
Figure 4.14: Configuration of Dielectric Probe Kit, Network Analyzer 138 
        and dimensions of dielectric under test 
Figure 4.15: Steps of dielectric probe calibration (a) open air (b) short (c) water 138 
Figure 4.16: Configuration of PNA-X Network Analyzer for S-parameter 140 
Figure 4.17: Radiation pattern characterization setup (a) Configuration for 142 
         polarization analysis (b) anechoic chamber view 
Figure 5.1: XRD pattern of MTO and CTO 146 
Figure 5.2: Dielectric characterization results of both MTO and CTO 147 
      (a) Dielectric permittivity (b) Loss tangent 
Figure 5.3: Variation of the reflection coefficient with respect to the change 149 
      in angular position of the inhomogeneous cylindrical DR 
 xv 
 
Figure 5.4: Reflection coefficient of the homogeneous pure CTO and MTO 150 
       based DRA‘s 
Figure 5.5: Simulated and measured impedance bandwidth of the 151 
      inhomogeneous cylindrical dielectric resonator antenna 
Figure 5.6: Simulated and measured Co-pol and X-pol radiation pattern 155 
      of inhomogeneous cylindrical DRA (a) E-Plane 13.5 GHz  
     (b) H-plane 13.5 GHz (c) E-Plane 17 GHz (d) H-Plane 17 GHz  
      (e) E-Plane 21 GHz (f) H-Plane 21 GHz 
Figure 5.7: Power flow pattern in the inhomogeneous cylindrical DRA 156 
Figure 5.8: Efficiency of the inhomogeneous cylindrical DRA 156 
Figure 5.9: Gain of the inhomogeneous cylindrical DRA 157 
Figure 5.10: Impedance bandwidth illustration of the proposed split-oval DRA 158 
Figure 5.11: Simulated and measured Co-pol and X-pol radiation pattern 161 
        of inhomogeneous split-oval shape DRA (a) E-Plane 13.5 GHz  
        (b) H-plane 13.5 GHz (c) E-Plane 17 GHz (d) H-Plane 17 GHz  
        (e) E-Plane 21 GHz (f) H-Plane 21 GHz 
Figure 5.12: Simulated and measured gain of the low profile split-oval DRA 163 
Figure 5.13: Power flow pattern of proposed inhomogeneous split-oval DRA 163 
Figure 5.14: Illustration of radiation and total efficiency of split-oval DRA 164 
Figure 5.15:  Impedance bandwidth response of NSDRA 165 
Figure 5.16: Simulated and measured Co-pol and X-pol radiation pattern 168 
         of inhomogeneous NSDRA (a) E-Plane 13.5 GHz (b) H-plane  
13.5 GHz (c) E-Plane 17 GHz (d) H-Plane 17 GHz  
(e) E-Plane 21 GHz (f) H-Plane 21 GHz 
Figure 5.17: Simulated and measured gain of the inhomogeneous NSDRA 170 
 xvi 
 
Figure 5.18: Power flow pattern of proposed inhomogeneous NSDRA 171 
Figure 5.19: Axial ratio bandwidth of inhomogeneous CDRA with parasitic slots 172 
Figure 5.20: Radiation pattern characteristics of inhomogeneous CDRA 174 
         with parasitic slots 
Figure 5.21: Axial ratio bandwidth of inhomogeneous CDRA on parasitic slots 175 
Figure 5.22: Radiation pattern characteristics of inhomogeneous CDRA 176 
        on wide slots 
Figure 5.23: Axial ratio bandwidth of nested square shape DRA 177 
Figure 5.24: Radiation pattern characteristics of CP NSDRA 179 
 xvii 
 
LIST OF TABLES 
Page 
Table 2.1: A summary of single-point-feed circularly polarized DRA 34 
Table 3.1: Variation of impedance bandwidth with respect to the angular 88 
Table 3.2:  Optimized values of the all the variable parameters of antenna 99 
Table 4.1: Optimized values of the L-shaped feed structure 120 
Table 4. 2: Values of Raw material powder for solid state reaction 134 
Table 5.1: The variation of impedance bandwidth with respect to (θ) 150 
Table 5.2: Impedance bandwidth comparison between homogeneous 152 
     and inhomogeneous DRA 
Table 5.3: Comparison of homogenous and inhomogeneous DRs 180 
 
 
 
 
 
 
 
 
 
 
 xviii 
 
LIST OF ABBREVIATIONS 
AR                      Axial Ratio 
ATM      Antena Tampalan Mikrostrip 
APD                    Antena Penyalun Dielektrik 
BW                     Bandwidth  
CTO                    CoTiO3 
CP      Circularly Polarization  
CSSR      Conventional Solid State Reaction 
CST      Computer Simulation Technology  
DBS      Direct-Broadcast Satellite 
DEM      Differential Equation Method 
DR      Dielectric Resonator 
DRA                    Dielectric Resonator Antenna 
DUT      Device Under Test 
DWM      Dielectric Waveguide model 
FDTD      Finite Difference Time Domain 
FD      Frequency Domain 
FIT      Finite Integration Technique  
 xix 
 
FET      Finite Element Method 
FESEM               Field Emission Scanning Electron Microscopy 
HPP      High Performance Probe  
IEM      Integral Equation Method  
LAN Local Area Network  
LP      Linearly Polarization  
LHCP       Left Hand Circular Polarization 
MPA                   Microstrip Patch Antenna 
ME     Maxwell Equations  
MTO      MgTiO3 
NS      Nested Square 
NSDR      Nested Square Dielectric Resonator  
NSDRA    Nested Square Dielectric Resonator Antenna  
PCB      Printed Circuit Board 
RHCP      Right Hand Circular Polarization  
SS      Solid Square 
TD      Time Domain  
TE      Transverse Electric   
 xx 
 
TEM      Transverse Electromagnetic  
TKS      Teknology Komputer Simulasi 
TLF      Tremendously Low Frequency 
TM                      Transverse Magnetic 
UHF      Ultra High Frequency 
XRD       X-ray Diffraction 
 
 
 
 
 
 
 
 
 xxi 
 
KAJIAN PENYALUN DIELEKTRIK TAK HOMOGEN UNTUK 
APLIKASI ANTENA GELOMBANG MIKRO POLARISASI 
LINEAR/BULAT 
ABSTRAK 
Dalam tempoh tiga dekad yang lalu terdapat banyak penyelidikan telah 
didedikasikan untuk penyalun dielektrik (PD) homogen (ketelusan tunggal) dengan 
bentuk silinder, persegi/segi empat tepat dan bentuk hemisfera menjadi pusat 
tumpuan. PD ini telah disiasat secara teori, secara ilmiah dan uji kaji oleh itu, semua 
prestasi utama parameter pengawal untuk PD homogen adalah diketahui. Telah amat 
diketahui bahawa PD homogen boleh melakukan hanya satu tujuan pada satu masa 
iaitu gandingan kuat kepada punca dan oleh itu lebar jalur galangan adalah sempit 
dan sebaliknya. Untuk mengatasi kelemahan PD homogen, dalam kerja ini PD tak 
homogen direka bentuk dalam apa-apa cara bahawa geometri asas penyalun 
dikekalkan supaya alat penganalisis teori, berangka dan eksperimen yang ada boleh 
digunakan secara berkesan untuk PD tak homogen yang dicadangkan. Penyalun tak 
homogen ini diperkenalkan secara sistematik ke arah azimuth (φ) supaya taburan 
medan elektromagnet dalam penyalun tetap sama dengan pelbagai kurungan yang 
berlainan tenaga. Untuk mengesahkan idea-idea ini tiga penyalun yang berbeza 
berdasarkan penyalun dielektrik silinder (PDS) dan penyalun bentuk persegi/segi 
empat tepat disiasat. Untuk PDS dua sektor 90ᴼ berbentuk pai tak homogen dengan 
ketelusan yang tinggi diperkenalkan pada arah-φ dengan cara sektor yang 
mempunyai ketelusan sama diletakkan dalam kuadran yang bertentangan. Begitu 
juga, satu lagi PD tak homogen (bentuk bujur-berpecah) direka bentuk dengan 
memasukkan jalur segi empat tepat ketelusan tinggi di tengah-tengah dua PD separuh 
silinder arah φ. Akhir sekali, reka bentuk ketiga kajian ini adalah berdasarkan kepada 
 xxii 
 
PD berbentuk persegi di mana ketelusan diturunkan dengan memperkenalkan jurang 
udara dalam penyalun yang kelihatan seperti PD persegi bersarang. PD tak homogen 
yang dicadangkan diuji untuk aplikasi antena jalur lebar polarisasi linear (PL) dengan 
teknik pengujaan biasa iaitu garis mikrostrip. Manakala, untuk reka bentuk polarisasi 
bulat (PB), adalah penting untuk mengujakan dua mod ortogon dengan amplitud 
yang sama dengan itu teknik penyuapan yang berbeza digunakan. Analisis teori, 
berangka dan eksperimen antena penyalun dielektrik (APD) tak homogen  
menunjukkan bahawa dengan mereka bentuk dengan betul penyalun tak homogen, 
sambutan lebarjalur galangan, nisbah paksi (NP) lebarjalur, gandaan dan kecekapan 
APD boleh ditambahbaik. Bagi ketiga-tiga APD tak homogen PL ini lebihkurang 
56% lebarjalur galangan telah dicapai yang menunjukkan peningkatan 80.5% 
daripada lebar jalur PD homogen dengan ciri-ciri sinaran stabil sepanjang jalur 
operasi. Sambutan NP lebarjalur PB tak homogen APD telah direkodkan menjadi 
200% lebih daripada homogen. Untuk APD tak homogen yang pertama dan kedua 
gandaan telah meningkat sehingga 6.5 dBi manakala bagi PD persegi bersarang 
gandaan kekal hampir sama dengan PD persegi homogen. Dengan merujuk kepada 
penemuan ini didapati bahawa prestasi APD secara jelas bertambah baik dengan 
pengenalan sistematik ketakhomogenan dalam PD. 
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STUDY OF INHOMOGENEOUS DIELECTRIC RESONATORS 
FOR LINEARLY/CIRCULARLY POLARIZED MICROWAVE 
ANTENNA APPLICATIONS 
ABSTRACT 
In the last three decades a huge amount research has been dedicated to 
homogeneous (single permittivity) dielectric resonators (DRs) with cylindrical, 
rectangular/square and hemispherical shapes being the center of attention. These DRs 
have been investigated theoretically, numerically, and experimentally therefore, all 
the major performance controlling parameters are known for the homogeneous DRs. 
It well known that a homogenous DR can serve only one purpose at a time i.e. strong 
coupling to the source and hence narrow impedance bandwidth and vice versa. To 
overcome these drawbacks of homogenous DRs, in this work inhomogeneous DRs 
are designed in such a way that the basic geometry of the resonator is maintained so 
that the available theoretical, numerical and experimental analysis tools can be 
effectively applied to the proposed inhomogeneous DRs. The inhomogeneities in the 
resonators are introduced systematically in the azimuth (ϕ) direction so that the 
electromagnetic field distribution in the resonators remains the same with different 
range of energy confinement. To validate these ideas three different resonators based 
on cylindrical dielectric resonator (CDR) and rectangular/square shape resonators are 
investigated. For inhomogeneous CDR two 90
ᴼ
 pie shape sectors of relatively high 
permittivity were introduced in the ϕ-direction in a way that sectors with same 
permittivity are placed in the opposite quadrant. Similarly, another inhomogeneous 
DR (split-oval shape) was designed by inserting high permittivity rectangular strip in 
the middle of two half cylindrical DR in the ϕ direction. Lastly, the third design of 
